In the present study we have shown that the kinetics of the four consecutive steps of the acid hydrolysis of hydroborate can be separately studied by appropriate. adjustments of the reaction temperatures and the hydrogen ion concent~ations.
We have prepared acidic solutions in which the monohydroboron interm~diate was ihe only boron-hydrogen species present, and solutions in which either the dihydro-or trihydroboron interme~iate was the major boron-hydrogen species present.
Solutions containing the species BH(OH) 3 -, BH 2 (0H) 2 or BH OH-were prepared by the addition of excess sodium hydroxide 3 .
to acidic solutions containing the appropriate intermediates.
The kinetics of the hydrolysis of these anions was studied. The amount of acid corresponded to at least 10 times the amount of sodtum hydroborate. The solution was then cooled to -78° using a Dry Ice~acetone bath. It was noted that no sodium hydroborate precipitated. The system was then evacuated, the fragile bulb was broken, the timer was turned on, and the pressure of the evolved hydrogen was measured as a function of time. The increase in the gas volume due to the lowering of the mercury level in the manometer. never exceeded 3% of the total volume.
After an hour, the hydrogen evolution either had stopped with an ammonia vapor pressure thermometer, was maintained at -36 ! 0.5° by the occasional addition of powdered Dry
Ice. After one and a half hours,the cold bath was removed and the solution was warmed to room temperature to effect complete decomposition and to allow complete evolution of any dissolved hydrogen. Then the volatilized methanol and water were condensed back into the reaction vessel by cooling the later to -196°, and the "infinite time" hydrogen .pressures
were measured after replacing the -78° and -36° baths.
The apparatus for the kinetic study of alkaline solutions is shown in Fig. Z .
.. Table I . The hydrogen evolution at -78° was
. Table I The initial concentrations of HCl and NaBH at -78° When the resulting solution was then warmed to -36°, further rapid hydrogen evolution occurred. In about 15 hours, the rate became very low, and the total yielg. of hydrogen almost corresponded to that expected for complete decomposition to boric acid.
-8-Inasmuch as the initial hydrogen ion concentration was always more than 10 times the initial hydroborate concentration (see Table I ). the • changes in hydrogen ion concentration during the r~s were negligible.
Therefore the rate data could be interpreted in terms of pseudo-firstorder reactions. The following sequence of reactions took place.
(1)
(Evidence for the formulas of the intermediates will be discussed later.)
The pressure data for runs 1 and 8 (for solutions initially 0.110 and 1.210 ~ in HCl) are given in Tables II and III (the -78° Tables I and II) • The values of ( ~P co -P) extrapolated to t = 0 from the main portions of the curve are less than ,.
-9- a .
·. P 00 = 13 .. 10 CP.I..
-10- 
The parameters k 3 ' , k 4 ' and r were evaluated from the data for each -36° run using a least-squar~s computer program written in FOCAL for a small PDP 8/I ·computer.
,,
-13-Semilogarithmic plots of (P -.P) versus time for runs 1 and 8 at
-36° are shown in Fig. 6 and 7 . The smooth curves drawn through the points correspond to the computer-calculated values of k 3 ' , k 4 ' and r.
A plot of k 3 ' versus hydrogen ion concentration is shown in Fig. 8 .
The calculated values of k 4 ' were essentially constant for all the runs.
The value of k were maintained with hydrochloric acid; the la.st value was maintained by a sodium benzoate-benzoic acid buffer.
Because of the possibility that the hydrolyzing solutions were supersaturated in hydrogen andthat the measured rates were limited by the rate of evolution of gaseous hydrogen from these solutions, . . we ~carried out several runs with the stirring rate reduced by mor~ than a factor of 10. The calcuJated values of k 2 ' changed by less than lo%, and the values of k 3 ' and k 4 ' were essentially unchanged. However, the r.ate of hydrogen evolution during the first parts of the -78° runs was markedly decreased by more than a factor of five. Obviously the initial rate of formation of hydrogen in the -78° runs was greater than the rate at which it could escape from solution.
drol sis of BH2(H20 2 + ~·- (Evidence for the formulas of the species will be discussed later.)
The reaction rates were measured using the same techniques used for the acidic solutions. A plot of log(P respectively.
-J.
sec ,
To determine the rate of hydrolysis of a mixture of BH 2 ( OH) 2 -and BH(OH) 3 -at lower pH, a run at pH 10 was tried. The plot of log(P -P) ~ versus time gave one straight line corresponding to a rate constant of 1. 4 x 10-2 sec -J. for the hydrolysis of BH( OH) 3 ~. This indicates that at pH 10 the dihydroboron species is rapidly hydrolyzed to BH(OH) -.
3
Apparently lowering the pH from 12.8 to 10 makes the rate of hydrolysis of dihydroboron species faster than. that of BH( OH) 3 -.
The boron-11 nmr spectrum of BH 3 0H is shown .in Fig. 12 . In an attempt to obtain a boron-11 nmr spectrum of BH ( OH) -at -20° ± we 2 2 observed two broad peaks 3.5 ppm apart. The solution was warmed to 60° at -20°, we were unable to see the proton nmr signal of a 0.2-0.3 ~ solution' of BH 3 0H-. Gardiner and Collat did not observe any proton nmr peaks du~ to BH 3 0H-in a solution containing both BH 3 0H-and BH 4 and concluded'that the BH 3 0H-spectrum was masked by that of the BH 4 ion.
From our results it seems likely that the proton nmr signal of BH 3 0H
is broadened to the extent of sinking into the background by the The pH-independent rate constant, k 2 a' is about ten times greater (even at -78°) than the pH:..independent rate constant for .the hydrolysis of
It seems most logical to assume that the change in reactivity upon going .from alkaline solution to acidic solution is due to protonation of the oxygen atom of the BH 3 0H-ion to form the neutral H 2 0BH 3 species.
Indeed the fact that we found k 2 ' to be independent of ionic strength is supporting evidence for a neutral trihydroboron species in acidic solution.
If we make the plausible assumption that H 2 0J?H 3 ~nd BH 3 0H-are always in rapid equilibrium, 
.
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-21-By a least-squares fit of the data plotted in Fig. 8 to equation ll, we determined k 3 = 1.7 x 10-2 sec-1 and K = 6.4 at -36°. The curve drawn through the points in Fig. 8 was constructed using these values for k 3 and K.
We found that the dihydroboron species in solutions of pH 12. . , w. w.
w. -26- The singlet is due to borate decomposition production; the quartet is due to the BH 3 0H-ion.
-27-
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